Using phase-measurement interferometry, we observe the waveguide induced by a solitonlike optical beam sustained by the molecular reorientation-induced optical nonlinearity of a nematic liquid crystal in planar configuration. Our purpose in the study is to characterize the nonlocality of the optical response of nematic liquid crystals. A good agreement is obtained between the experiment and a full ͑2+1͒-dimensional numerical simulation of the nonlinear optical beam propagation in the cell.
INTRODUCTION
In the past decades spatial optical solitons (SOSs) have been extensively investigated for both their fundamental interest and their potential applications in the field of alloptical interconnects. [1] [2] [3] Roughly speaking, SOSs are obtained when a self-focusing nonlinearity exactly balances the diffraction-induced broadening of an optical beam. In a more general way, the intensity profile of a soliton is invariant (at least periodically) with respect to the evolution coordinate of the system. In optics SOSs were first predicted to occur in nonlinear Kerr media, but by now various kinds of SOS have been experimentally observed in different materials. 4, 5 Recently they have been observed in nematic liquid crystals (NLCs) as a result of either thermal effects 6 or optical field-induced molecular reorientation. 7, 8 In the latter case only a few milliwatts of light power are needed, and the propagation length can be as high as a centimeter, which is potentially interesting for applications. 9, 10 Beyond this applied interest, however, the study of such narrow solitonlike beams generated via the molecular reorientation of NLCs-also called "nematicons"-led to a renewed fundamental interest in the field of SOSs. 11 Such a consideration comes from the highly spatially nonlocal nature of the reorientational nonlinearity of NLCs. Indeed, among the various nonlinear media employed until now for the study of SOSs, few of them exhibit a spatially nonlocal response; i.e., the refractive index at a given point x 0 depends not only on the light intensity at x 0 but also on the light intensity around x 0 through a kernel response function. Depending on the relative width of this response function with respect to the optical beam, several regimes are distinguished. In particular, as the width of this response function, hence the nonlinear index modulation, is much broader than the optical beam itself, the nonlinear medium is said to be highly nonlocal. The optical director reorientation in NLCs has recently been proved to display a response of that type. [12] [13] [14] Actually, the underlying theory of SOS in highly nonlocal nonlinear media is greatly simplified, as compared with those of local (Kerr-like) media, thus explaining why they are also called accessible solitons. 15 In this regard, it appears that nematicons are likely to be of the accessible-soliton type, thus deserving special attention. 13 Liquid-crystal molecules are rod shaped and, as such, can be reoriented under the influence of an electric field owing to the large permanent anisotropy of their polarizability. 16, 17 If the light is linearly polarized, this reorientation leads to an increase of the refractive index along the polarization axis of the light, which causes selffocusing of localized beams and can subsequently induce solitonlike light propagation. In this way NLCs have demonstrated their ability to support stable ͑2+1͒-dimensional (D) solitonlike light propagation in the milliwatt power range. 8 Besides, the nematic phase of liquid crystals is characterized by the fact that all the liquidcrystal molecules tend to collectively align in the same direction owing to a strong intermolecular cohesion, which unavoidably leads to a nonlocality in the nonlinear optical response of NLCs. Nonlocality of the optical nonlinearity leads to intriguing phenomenological behaviors in soliton dynamics and interactions. 12, 18 For instance, nonlocality was shown to lead to the existence of higher-order-mode solitons in a single-component optical field. 19 The nonlocality of NLCs has been investigated outside the context of optical solitons in a pump-probe experiment through a NLC thin film. 20 Note that, even though the same underlying physics holds in our context, the relaxation distance of the molecular movements strongly depends on the boundary conditions, and hence on the configuration of the liquid-crystal cell. However, to the best of our knowledge, the nonlocality of the reorientational nonlinearity in bulk NLCs has never been the subject of quantitative measurements. Let us also mention that the nonlocality of the thermo-optic nonlinearity of NLCs has been studied in the context of spatial solitons. 21 Our aim in this report is to present a quantitative study of the NLC's nonlocality through the concept of SOSs.
We study experimentally the graded-index waveguide induced by an optical solitonlike beam interacting with a NLC. The obtained results are found to be in a good agreement with a ͑2+1͒-D numerical simulation that takes into account only the molecular reorientational nonlinearity. We are then able to reveal, both numerically and experimentally, some specific features of the nonlocal reorientational response of NLCs: the shape of the spatial kernel response function and its degree of nonlocality. In particular, the nonlinear response of the medium is shown to extend well beyond the region of optical excitation.
The paper is organized as follows. In Section 2, we describe the theoretical model we consider in this work as well as the results of the ͑2+1͒-D numerical simulations that rely on this model. Section 3 is devoted to the presentation of the experimental results and to their comparison with numerical simulations. Our conclusions are drawn in Section 4.
THEORY AND NUMERICAL MODELLING

A. Theoretical Model
The nonlinear medium considered in the present work is similar to those of previous experiments, where the observations of SOSs were reported. 8, 20, 22 Figure 1 sketches the modeled liquid-crystal cell. It is biased by a low-frequency electric field E and is planarly aligned by an appropriate surface treatment at the boundaries. The optical beam is polarized along the x axis and propagating along the z axis. In this way optically induced molecular reorientation is possible in the milliwatt power range together with a negligible thermal nonlinearity.
The model we use to simulate wave propagation in our experimental configuration assumes that the light remains linearly polarized during propagation and that the molecules rotate in the xz plane only. Under these assumptions, the molecular orientation of the liquid crystal can be fully described by the tilt angle , as shown in Fig.  1 . Such a scalar model is based on the usual Frank formalism 17, 23 for the evaluation of molecular orientation, combined with a nonlinear Schrödinger-like equation for the propagation of the optical field. The derivation of these equations can be found elsewhere. 23 This model consists of the following equations:
where A is the optical electric field envelope with wave number k in the medium and k 0 in vacuum. E is the rootmean-square amplitude of the low-frequency bias electric field. ⌬ opt and ⌬ st are, respectively, the optical and lowfrequency permittivity anisotropies of the liquid-crystal molecules. The angle = ͑x , y , z͒ stands for the total orientation of the molecules with respect to the z axis, whereas 0 accounts for the molecular orientation induced by the low-frequency electric field only. Hence = − 0 corresponds to optically induced molecular reorientation. Finally, ␣ is the linear absorption coefficient of the medium, and K is the Frank elastic constant of the liquid crystal, which is taken equal for splay, bend, and twist. Equation (2) rules the molecular orientation induced by the electric fields A and E. It is a nonlinear diffusion equation, which indicates that the molecular orientation will extend further in space than the excitation that induces it and is therefore responsible for the nonlocal nature of the nonlinearity. Finally, Eq. (3) expresses the hard boundary conditions on the molecular orientation at the borders of the liquid-crystal cell. In our numerical scheme we consider periodic boundary conditions along the y direction.
It is worth mentioning that, in contrast to Ref. 13 , we do not assume that the induced orientation is a perturbation with respect to 0 in our system; hence we can consider higher values of optically induced reorientation angles, which is in better agreement with the experimental conditions of the present work. Let us also note that, as we are concerned with a uniaxial anisotropic medium whose axis is unparallel to the optical-beam polarization, a complete and exact modeling of the reorientation process should resort to a vectorial numerical simulation method to take into account the nonzero longitudinal field component.
Nevertheless, as demonstrated elsewhere, 24, 25 the main features of the soliton beam are not affected by the anisotropy of the nonlinear medium in the range of parameters we consider in this work. In a general way, anisotropy arises from the molecular orientation in the cell and leads to a walk-off along the x axis because of the appearance of a nonzero longitudinal field component. Owing to the graded-index modulation induced along the cell thickness by the bias electric field E, this deviation initiates a transverse beam undulation along the x axis as the beam propagates. In our experimental conditions, the initial walk-off is expected to be ϳ2°, resulting in a beam undulation of modest amplitude. 24, 25 It is therefore not contradictory in our case to take into account higher values of the reorientation angles together with a scalar optical electric field A.
B. Numerical Results
The propagation equation (1) is solved by using the well-known 26 split-step Fourier beam-propagation method. The crystal equation (2) is solved at each propagation step of the beam-propagation method by taking the new intensity profile of the optical beam into account. The solutions of Eq. (2) are numerically computed by resorting to a Newton-Raphson iterative algorithm. 27 The resulting angle profile is then introduced in the next step of the beam-propagation algorithm to calculate the optical field propagation. In this way, we are able to fully calculate the ͑2+1͒-D nonlinear optical evolution in the liquid-crystal cell. Figure 2 depicts the evolution of the maximum of the intensity profile along the propagation axis. We consider the specific case of a radially symmetric Gaussian input beam with a width w =3 m (FWHM) and a wavelength of 870 nm. The cell is 75 m thick and biased with a 1 V voltage, and we do not consider material absorption ͑␣ =0͒. At low power, the beam broadens owing to diffraction, and the maximal intensity consequently decays. At 2.3 mW of power, the beam width, as well as its maximal intensity, stays almost constant during propagation. These properties attest to a solitonlike beam-propagation regime. As the power becomes larger, the beam enters a breathing propagation regime, which features alternation of focusing and defocusing propagation stages. This behavior leads to oscillations in the maximum of the intensity profile as well, which is characteristic of nonlocal media. 14, 28, 29 Let us now consider the molecular orientation of the NLC. Figure 3 shows the calculated values of the total molecular orientation corresponding to the solitonic propagation regime. As can be seen, the maximal value of the low-frequency field-induced reorientation is 0 max Ӎ 19.5°for a total maximal reorientation max Ӎ 25.8°, which indicates that a perturbative approach to the optically induced reorientation is not appropriate in our experimental conditions. Note that this theoretical approach has been used in other works for the same configuration as ours but considering different soliton parameters. 13, 14 The bias voltage V is 1.6 V in those previous studies, thus leading to a higher rest angle 0 Ӎ 45°. Furthermore, the soliton power is lower ͑ Ӎ0.2 mW͒, which leads to a smaller optically induced angle that can be treated rigorously as a perturbation with respect to 0 . Figure 4 shows the profile of the optically induced reorientation angle and the profile of the optical beam along the y and x axes at x = 0 and y = 0, respectively, i.e., in the middle of the cell. Already mentioned as stemming from the strong intermolecular cohesion of liquid crystals, the nonlocality of the molecular reorientation is here clearly highlighted. Indeed, the FWHM of the optically induced reorientation profile is roughly ten times broader than the optical-beam FWHM. This is in agreement with previous studies that considered bulk NLCs highly nonlocal nonlinear media.
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EXPERIMENTS
A. Experimental Setup Our purpose in the experiment is to measure the selfinduced graded-index waveguide of an optical solitonlike beam propagating in the NLC. To this end, we measure the spatial phase disturbance that a plane wave experiences when it passes through the liquid-crystal cell perpendicularly to the soliton propagation axis. Figure 5 displays a detailed sketch of the experimental NLC planar cell we have modeled in Section 2. Pure E7 liquid-crystal mixture from Merck is sandwiched between two glass plates whose inner faces are treated with a rubbing layer to ensure a parallel molecular alignment in the cell. The spacing between the glass plates is controlled with calibrated Mylar spacer balls. Furthermore, the inner faces of the glass plates are coated with indium-tinoxide (ITO) in order to apply a low-frequency bias electric field across the cell. Note that, in order to inject the optical beam into the NLC, a third glass plate is glued to one side of the cell, the other ones being sealed. The input glass plate is also treated with a rubbing layer to minimize polarization scrambling at the very beginning of the light propagation. 8, 22 The experimental setup depicted in Fig. 5 is made up of two parts. On the one hand, the TEM 00 beam of a 870 nm wavelength cw laser is focused at the entrance window of the liquid-crystal cell to generate a ͑2+1͒-D spatial soliton. Light power is controlled with a variable attenuator, whereas the polarization is linear and oriented along the thickness x of the cell. On the other hand, a collimated 633 nm cw He-Ne laser serves in a Mach-Zehnder interferometer, one arm of which passes perpendicularly through the liquid-crystal cell at the location where the soliton beam propagates. Before being separated, the beam is spatially filtered and enlarged (this is not shown in the figure) in order to catch a significant area of the NLC cell where the soliton propagates. The He-Ne beam is polarized along the z axis so as to experience a phase disturbance directly related to molecular reorientation. Owing to the interferometric arrangement, we are able to grab via the CCD camera, in the presence of the soliton beam, a distorted fringe pattern-or interferogram-from which the soliton-induced waveguide can be retrieved through a standard fringe-analysis procedure.
B. Soliton Generation
First, the experiment consists in generating a stable ͑2 +1͒-D soliton-like beam in the liquid-crystal cell. The soliton parameters are those of our numerical simulation (Section 2) and are chosen in accordance with previously reported experimental conditions. 22 We demonstrated in Ref. 22 that, when considering a 75 m thick cell and a 1 V bias voltage, the required optical power for solitonic propagation of a radially symmetric Gaussian beam with a FWHM of 3 m is ϳ2.3 mW, as shown in the numerical results of Fig. 2 .
The optical propagation is analyzed by collecting the light laterally scattered by the liquid-crystal molecules. It must be noticed that the soliton-beam profile cannot be measured accurately on the basis of the scattered light 14 that is used here only to measure the central peak intensity of the beam. To accurately measure the beam waist, we resort to its angular divergence in the linear propagation regime (diffraction), which provides us with a value for the initial beam's FWHM of w = ͑3.7± 0.6͒ m, corresponding to a Rayleigh range-or diffraction length, L D -of ͑59± 18͒ m. To establish a comparison with our numerical results, we use the longitudinal profile of the central peak intensity of the beam as measured from the scattered light. Note that the intensity of the scattered light in the observation direction depends on the angle between the optical electric field vector and the molecular director. 17 However, given that typical propagation lengths studied here are small (one millimeter at best), this dependence can be neglected in our measurements. We can reasonably assume that the peak intensity of the scattered light is proportional to the peak intensity of the optical beam. Figure 6 (a) shows peak intensity evolutions for various propagation regimes observed when the optical power is varied, whereas Fig. 6(b) displays the corresponding CCD-camera images. Figure 7 is the evolution calculated numerically for the same parameters as in Fig. 6(a) . Unlike the ideal (lossless) situation of Fig. 2 , the agreement with the experiment is verified as soon as we consider the absorption in our numerical simulations. Here we consider a coefficient of linear absorption ␣ = 0.47 cm −1 , as measured experimentally by integrating the intensity profile with respect to the y axis and by fitting the resulting power evolution to an exponential decay. The optical power at the very beginning of the propagation inside the cell is estimated by assuming that insertion losses come only from Fresnel reflections at the air-glass-NLC interfaces of the input window. In this way, we assume an input coupling efficiency into the cell of 75%, leading to a good agreement regarding the optical power.
At 1 mW of optical power, the beam does not induce a waveguide in the medium. Hence it diffracts, and the maximal intensity decreases fast because of the combined effects of diffraction-induced broadening and material absorption. At 2.3 mW of power, the maximal intensity of the beam decreases more slowly than in the first case, which indicates the self-confinement of the optical beam. Indeed, these parameters correspond to the solitonic propagation of Fig. 2 . The decrease of the maximal intensity is due to the material absorption only. At higher powers, the oscillation in the maximal intensity reveals a multifocusing propagation regime, i.e. an alternation of focusing and defocusing regimes. Figure 6(b) shows that this oscillating regime is associated with an oscillation of the beam waist during propagation, whereas it is almost constant for the 2.3 mW case. Finding the appropriate experimental optical power for invariant propagation is, however, somewhat empirical, but the obtained values are quite reproducible with an error of less than 10%. 22 Finally, we mention here that, as NLCs are essentially viscoelastic media, the reorientation process is inherently very slow in addition to being nonlocal. Hence the CCDcamera images are grabbed after the transient molecular reorientation. In our experiment, where the optical field A is applied once the reorientation induced by the electric field E is established, it takes on the order of a few seconds for the optical-beam propagation to reach the steady state. Conversely, soliton formation takes several tens of seconds when E is turned on after A. A recent study shows how the time for the soliton beam to stabilize depends both on the applied bias voltage and on the cell thickness.
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C. Self-Induced Waveguide Measurement
The second part of the experiment is devoted to the measurement of the graded-index waveguide that is induced by the solitonlike beam. The method consists in measuring the spatial phase disturbance experienced by a z-polarized and spatially extended quasi-monochromatic beam passing through the liquid-crystal cell, i.e. propagating in the x direction, in the presence of the soliton beam. Indeed, the NLC cell behaves as a positive uniaxial crystal whose optical axis rotates according to molecular reorientation. With help of the interferometric arrangement described in Section 3, it becomes possible to have access to the spatial phase shift introduced by the cell. From the molecular orientation = ͑x , y , z͒ of the NLC, this phase shift is given by
where n z = ͫ 
͑5͒
stands for the refractive index seen by the z-polarized beam, with n e and n o being, respectively, the extraordi- nary and ordinary refractive indices of the liquid crystal. Typically, for the E7 NLC used in our experiment, n e = 1.7354 and n o = 1.5175 at 0 = 644 nm and T = 293 K.
Without any optical beam propagating in the cell or for low enough optical power, the molecular orientation is induced by the low-frequency electric field E only and hence is invariant with respect to the y and z axes. Consequently, provided that the interferometer is balanced, the phase difference ⌬͑y , z͒ between the two waves is a constant whose value is determined by 0 ͑x͒. Hence, for an adequate angular detuning between the waves, the interferometric pattern simply consists of straight fringes. When optically induced molecular reorientation occurs, the related refractive-index modulation causes a nonhomogeneous phase shift in the yz plane, which subsequently gives rise to a distortion of the fringe pattern. Figure 8 illustrates such a behavior observed in the case of interest for the present study, that is, in the solitonlike propagation regime. Figure 8(a) shows the fringe distortion in steady state, whereas Fig. 8(b) shows the corresponding solitonlike beam. The initial optical power is here estimated to be 2.3 mW.
To retrieve the phase disturbance starting from the interferograms, we resort to a well-known phasemeasurement interferometric technique of optical metrology, namely, the temporal phase-stepping technique. 31, 32 It consists in sampling the interferogram in time by adding a constant value to the optical path length of one arm of the interferometer. Sampling is realized by steps, between each of which an interferogram is recorded. Among the variety of available algorithms for phase evaluation, we choose the Carré four-frame algorithm because with this method the introduced phase shift does not need to be known. 33 Other advantages of the Carré algorithm lie in its immunity to linear miscalibrations of the phaseshifting device, as well as to spatially nonuniform phase shifts. 32 Practically, the technique involves two stages: first, four frames of equally phase-shifted steady-state interferograms are grabbed in a row, and, second, the Carré algorithm serves for phase retrieval in each pixel of the picture. For the purposes of this computation (phase retrieval and unwrapping), we use the free IDEA software developed at Graz University of Technology. 34 In the experiment the phase shift is introduced by tilting a parallel-face glass plate in one arm of the interferometer (see Fig. 5 ). We make sure of a linear variation of the optical path length with respect to the tilt angle ␦. Let us note that our first approach to the problem was based on a simpler one-frame interferometric technique, namely the Fourier-transform method. 35 The drawback of this technique lies in the difficulty of obtaining an adequate fringe pattern for the typical size and shape of the solitoninduced index profile to be measured. Indeed, this method requires a fringe pattern with a much smaller pitch than the phase object under study, which in our case led to a very dense fringe pattern that, in turn, led to resolution problems related to the sampling requirements of the CCD camera. Figure 9 displays the result of the procedure under the experimental conditions of Fig. 8 . Figure 9 (a) thus gives the phase shift ⌬͑y , z͒ caused by the cell crossing, and Fig. 9(b) shows a relevant phase-shift profile after ϳ300 m of propagation, together with the estimated beam profile itself. As can be seen, the profile is much broader ͑Ϸ45 m͒ than the optical beam itself ͑Ϸ4 m͒. This result clearly indicates that the optically induced molecular reorientation extends well beyond the optical beam itself. In other words, the nonlinear medium is highly nonlocal in that the effect extends over a much wider region than its cause. We compared the experimental phase-shift profile to that obtained from the numerical simulation. ⌬͑y , z͒ in numerical simulations is obtained by integration [Eq. (4)] of the 3-D index distribution n z ͑x , y , z͒ calculated through Eqs. (1)-(3) . The numerical phase shift is illustrated in Fig. 10 . As can be seen, the agreement is very good as regards the maximal value of the phase shift, as well as the profile and the width of the curves.
To investigate the influence of the boundary conditions on the nonlocality, we have performed three measurements with three cells of different thicknesses. Because of the restoring torque that originates from the molecular anchoring at the cell's boundaries, the nonloncality becomes smaller when the cell thickness is decreased. This is confirmed experimentally in Fig. 11 , which shows the phase-shift profile width as a function of the cell thickness L. The dots in Fig. 11 shows the experimental data obtained with three cells of different thicknesses (18, 53 , and 75 m). In the three cases the soliton parameters correspond to those considered above. The beam width is kept unchanged ͑w Ӎ 3.7 m͒, whereas the experimental optical power is adjusted so as to reach the solitonlike beam propagation (5.6, 2.8, and 2.1 mW, respectively). Apart from the thicker cell, we observe a rather large quantitative disagreement, as the theoretical phase-shift profile width is significantly smaller than the measured one. However, the trend is clearly verified; namely, the larger the cell, the larger the nonlocality. This behavior could be anticipated from intuitive considerations. Indeed, the diffusion of the molecular orientation inside the cell is counterbalanced by the hard boundary conditions imposed by the rubbing layers. Hence, the thinner the cell, the more stretched are the liquid-crystal molecules because of the stronger influence that the boundaries exert through restoring torques.
CONCLUSION
In conclusion, we have performed a numerical and experimental study of spatial solitonlike beam propagation in a planar cell of nematic liquid crystal in a parallel configuration. To this end we have implemented a full scalar ͑2 +1͒-dimensional numerical simulation of the optical beam propagation, taking into account nonlinear reorientational effect only. The numerical simulation is based on a nonperturbative approach, which allowed us to provide a more accurate description of these phenomena and allows for a quantitative comparison with the experimental results.
The numerical study showed that the molecular reorientation profile, and hence the nonlinear index modulation, is about ten times broader than the beam that induces it, which confirms the highly nonlocal nature of the reorientational nonlinearity in a nematic liquid crystal. Our study shows in particular that the magnitude of the obtained reorientation in our experimental conditions is incompatible with the perturbative theoretical approach developed in previous work. 13, 14 This result thus shows that the perturbative approach must be considered with care.
The second part of this work was devoted mainly to the comparison between the numerical and the experimental values of the reorientation angle induced by the solitonlike beam. To this end, we resorted to a common phasemeasurement technique of optical metrology, which allowed us to retrieve the optically induced molecular reorientation inside the liquid-crystal cell. The obtained phase-shift profiles are close to the ones calculated on the basis of the numerical simulation. Furthermore, the experiment confirmed the possibility of tuning the degree of the nonlocality of the reorientational nonlinearity by varying the cell's thickness. Despite a disagreement be- tween numerical and experimental values regarding this point, the expected tendency is observed: the thinner the cell, the more local the reorientational nonlinearity because of a stronger influence of the cell's boundaries. Further studies are being carried out to explain the observed discrepancy.
